Nitrogen (N) fixation is fueling planktonic production in a multitude of aquatic environments. In meso-and poly-haline estuaries, however, the contribution of N by pelagic N 2 fixation is believed to be insignificant due to the high input of N from land and the presumed absence of active N 2 -fixing organisms. Here we report N 2 fixation rates, nifH gene composition and nifH gene transcript abundance for key diazotrophic groups over 1 year in two contrasting, temperate, estuarine systems: Roskilde Fjord (RF) and the Great Belt (GB) strait. Annual pelagic N 2 fixation rates averaged 17 and 61 mmol N m À 2 per year at the two sites, respectively. In RF, N 2 fixation was mainly accompanied by transcripts related to heterotrophic (for example, Pseudomonas sp.) and photoheterotrophic bacteria (for example, unicellular diazotrophic cyanobacteria group A). In the GB, the first of two N 2 fixation peaks coincided with a similar nifH-expressing community as in RF, whereas the second peak was synchronous with increased nifH expression by an array of diazotrophs, including heterotrophic organisms as well as the heterocystous cyanobacterium Anabaena. Thus, we show for the first time that significant planktonic N 2 fixation takes place in mesohaline, temperate estuaries and that the importance of heterotrophic, photoheterotrophic and photosynthetic diazotrophs is clearly variable in space and time.
Introduction
Assimilation of reactive nitrogen (N) compounds and subsequent sedimentation of organic matter in aquatic environments may lead to N limitation of primary production (Howarth, 1988a) . Fixation of atmospheric N 2 accounts for more than 80% of the N input in some of these environments, thereby sustaining a significant fraction of the new production (Granhall and Lundgren, 1971; Horne and Galat, 1985) . However, other N-limited aquatic systems do not display significant N 2 fixation rates (Howarth et al., 1988b) . In temperate estuaries, N is often limiting in summer due to the assimilation of reactive N by phytoplankton. As a consequence, the N:P ratio is below the Redfield ratio favoring N 2 fixation (Boynton et al., 1982; Howarth et al., 1988b) . Nonetheless, planktonic N 2 fixation in temperate estuaries seems very low and is believed to be absent in estuaries exhibiting salinities 410 (Marino et al., 2002; Howarth and Marino, 2006; Conley et al., 2009) . As an exception, the lowsalinity (2-8) estuary of the Baltic Sea accommodates extensive summer blooms of heterocystous cyanobacteria (Stal et al., 2003) . Yet, the high-sulfate concentrations that accompany more saline water may inhibit growth and N 2 fixation by heterocystous cyanobacteria entering meso-polyhaline estuaries (Marino et al., 2002 (Marino et al., , 2003 . The diazotrophic cyanobacteria currently believed to dominate oceanic N 2 fixation, that is, members of the Trichodesmium genus, various cyanobacterial endosymbionts of diatoms, and unicellular diazotrophic cyanobacteria group A (UCYN-A) and B (Crocosphaera watsonii), have been found almost exclusively in tropical and subtropical waters, with growth and N 2 fixation optima at temperatures 424 1C (Breitbarth et al., 2007; Church et al., 2008; Webb et al., 2009; Moisander et al., 2010) . The UCYN-A group has, however, been observed in nifH cDNA clone libraries from waters as cold as 12 1C (Short and Zehr, 2007) and it has been associated with N 2 fixation in temperate coastal waters (Rees et al., 2009; Mulholland et al., 2012) . Yet, neither freshwater cyanobacterial diazotrophs nor oceanic cyanobacterial diazotrophs are thought to fix significant amounts of N in temperate estuaries.
New data on nitrogenase reductase (nifH) gene composition continue to expand the potential biome of marine N 2 fixation both in terms of latitude and depth (Mehta et al., 2003; Farnelid et al., 2011; Fernandez et al., 2011; Hamersley et al., 2011) and diverse putative heterotrophic diazotrophs have been reported from temperate estuaries (for example, Affourtit et al., 2001; Jenkins et al., 2004; Farnelid et al., 2009 ), yet these organisms may thrive due to other traits than diazotrophy (Short and Zehr, 2007) . They do, however, seem to fix N in estuarine sediments (Fulweiler et al., 2013) and heterotrophic nifH gene expression accompanies N 2 fixation in the mesohaline deep waters of the Baltic Sea , indicating that these organisms could potentially be important diazotrophs in estuarine pelagic waters as well.
In this study, we investigated the temporal dynamics of N 2 fixation in surface waters of two contrasting, temperate estuarine systems through monthly samples taken over a 1-year period. We determined the composition of present and active diazotrophs by Illumina amplicon sequencing of nifH genes and their RNA transcripts. Finally, we compared N 2 fixation with a suite of environmental parameters and to the temporal dynamics of abundances of key groups of diazotrophs and their nifH transcription by quantitative PCR (qPCR) and reverse-transcription quantitative PCR (RT-qPCR).
Materials and methods

Sampling and environmental parameters
The two contrasting estuaries Roskilde Fjord (RF) and the Great Belt (GB) were sampled monthly throughout 2012. RF is a shallow (3-m mean depth), semi-enclosed and nutrient-rich estuary of 122 km 2 , which receives high-nutrient loads from its 1127 km 2 drainage area (Flindt et al., 1997) . The GB is part of the 37 333 km 2 Kattegat and Belt Sea area (17-m mean depth), and is the main connection between the Baltic Sea and the North Sea and is therefore almost permanently stratified (Jørgensen et al., 2013) . In GB, strong currents occur, changing between inflow of saline water from the north and inflow of less saline Baltic Sea water from the south.
Using 5-l free-flow bottles, surface water (1 m) was collected monthly from the stations in RF (55142.00 0 N, 12104.46 0 E, 4.8-m depth) and GB (55130.27 0 N, 10151.43 0 E, 35-m depth, Figure 1 ) in collaboration with the Danish Marine Monitoring Program. Samples were always obtained around noon (1000 to 1300 hours). In January, RF was inaccessible due to ice coverage and water was collected from a pier 1 km southeast of the station. Once on shore, aliquots for bacterial enumeration were fixed, bacterial production incubation initiated, and water for DNA and RNA extractions were filtered and preserved. The remaining analyses were conducted within 1-3 h of sampling. Nutrient concentrations were analyzed using a San þ þ Continuous Flow Analyzer (Skalar, Breda, The Netherlands) as previously described (Grasshoff, 1976) . Detection limits were 0.3, 0.04 and 0.1 mmol N l À 1 for NH 4 þ , NO 2 À and NO 3 À , respectively. Chlorophyll a (Chl a) was measured fluorometrically (Holm-Hansen et al., 1965) and dissolved organic carbon (DOC) was measured using a TOC-V cph analyzer (Shimadzu, Japan) according to Cauwet (1999) . Bacterial production was estimated by 3 Hthymidine incorporation (20 nmol l À 1 final concentration, PerkinElmer, Waltham, MA, USA; Fuhrman and Azam, 1982) using microcentrifugation (Smith and Azam, 1992) . Bacterial abundance was determined from samples fixed with glutaraldehyde (1% final concentration) using a FACSCanto II flowcytometer (BD Biosciences, Franklin Lakes, NJ, USA) according to Gasol and Del Giorgio (2000) . N 2 fixation rate measurements N 2 fixation was measured by 15 N-incorporation (Montoya et al., 1996) on all sampling dates, except for May where 15 N 2 gas was commercially unavailable. Enriched artificial sea water was used as a source of 15 N rather than injecting 15 N 2 tracer gas directly into the samples, as this may underestimate N 2 fixation (Mohr et al., 2010) . The artificial sea water was prepared as previously described (Boström et al., 2007a) . Following autoclaving, the hot artificial sea water was distributed into 50-ml borosilicate serum vials, which were sealed with butyl rubber stoppers and crimp sealed. In total, 1 ml 15 N 2 tracer gas (Campro Scientific, Veenendaal, The Netherlands; X98%) was introduced into each vial using a gas-tight syringe and incubated horizontally for 24 h, at 150 r.p.m. rotation, which should ensure 90-100% tracer equilibration (Mohr et al., 2010) . Sea water was transferred into 1.2-l polycarbonate bottles; filling the bottles three-fourth of the way up before adding 50 ml 15 N 2 -enriched artificial sea water. Bottles were then filled with sea water until the formation of a meniscus and capped. Six replicate bottles were incubated for 24 h at in situ temperature ± 1.5 1C; three replicates under in situ light conditions (Supplementary Table S1 ) and three replicates in darkness. Following incubation, 600 ml from each replicate was filtered onto pre-combusted (450 1C, 8 h) GF/F filters (Whatman, GE Healthcare, Little Chalfont, UK) and the remaining 600 ml from each replicate was filtered through a 10-mm polycarbonate filter (GE Water & Process Technologies, Trevose, PA, USA) and onto precombusted GF/F filters for differentiation of N 2 fixation rates in the respective size fractions. Six controls were done at each sampling time point: two background d 15 N controls, two un-amended controls filtered at the end of incubation and two amended controls filtered immediately after tracer addition. Filters were stored at À 20 1C and dried at 60 1C before analysis at the Laboratory of Applied Physical Chemistry, Gent, Belgium on an isotope ratio mass spectrometer (PDZ Europa, Northwich, UK).
Extraction of nucleic acids and synthesis of cDNA Water for DNA extraction was separated into size fractions. In total, 2 l of sea water was filtered onto a 10-mm polycarbonate filter (GE Water & Process Technologies) and 1 l of the filtrate was filtered onto a 0.22-mm Supor membrane filter (PALL Corporation, Port Washington, NY, USA). The filters were stored at À 20 1C in 2-ml cryotubes containing 1 ml sucrose lysis buffer (400 mM NaCl, 750 mM sucrose, 20 mM EDTA, 50 mM Tris-HCL, pH 8). DNA was extracted using a phenol/chloroform-based protocol (Boströ m et al., 2004) and quantified (PicoGreen, Molecular Probes, Invitrogen, Eugene, OR, USA).
Water samples for RNA extraction were fixed immediately after sampling using stop solution (5% water-saturated phenol in absolute ethanol, Feike et al., 2012) . Size fractionation was done as described for DNA samples, and filters were stored at À 80 1C in 2-ml cryotubes containing 0.5 ml RNAlater (Ambion, Carlsbad, CA, USA). RNA was extracted (RNeasy kit; Qiagen, Hilden, Germany) using a slightly modified protocol (Boströ m et al., 2007b) and quantified (NanoDrop, 2000; Thermo Scientific, Waltham, MA, USA). cDNA was synthesized using TaqMan reverse-transcription reagents (Applied Biosystems, Foster City, CA, USA) and the nifH3 reverse primer (Zehr and McReynolds, 1989) . Reverse transcriptase-free control reactions were included for the verification of complete DNA digestion during RNA extraction. Nested nifH PCR reactions with these were always negative.
nifH amplicon sequencing and sequence analysis nifH amplicons were obtained from 56 samples, 28 from each station representing DNA and cDNA from the two size fractions in each of the 7 months: February, March, April, June, July, August and October. In total, 10 ng of DNA or cDNA corresponding to 4 ng RNA was added to Pure Taq Ready-To-Go PCR Beads (GE Healthcare) along with the nifH3 and nifH4 primers in a nested PCR approach (Zehr and Turner, 2001) . Illumina indices (Supplementary  Table S2 ) were added to amplicons in the second PCR round, which were done in triplicates for each sample. The triplicate PCR products were pooled, purified (AmPure, Agencourt Bioscience Corporation, Beverly, MA, USA), quantified (PicoGreen), and 30 ng from each sample were pooled and subjected to paired-end Illumina sequencing (MiSeq, Berlin Center for Genomics in Biodiversity Research, Berlin, Germany).
Sequence reads were de-multiplexed using CASAVA 1.8.2, assembled in Mothur 1.32.0 (Schloss et al., 2009) , trimmed to 216 nucleotides and screened for ambiguous base calls. Poorly assembled sequences and sequences with frame shifts, that is, exhibiting poor alignment to the nifH seed sequences in the functional gene pipeline and repository database (http://fungene.cme.msu.edu/), were excluded. Chimeras were removed using UCHIME through Mothur. The sequences were clustered at 97% nucleotide similarity and representative sequences from the 84 most abundant operational taxonomic units (OTUs) were aligned in MEGA 5.05 (Tamura et al., 2011) . The closest cultivated representatives were identified using the BLAST resource on NCBI and added to the alignment.
Inverse Simpson indices were used as a measure of alpha diversity, and subsampling down to 482 sequences per sample was chosen to accommodate the sample with the lowest number of sequences. Yue & Clayton measures of dissimilarity between samples and non-metrical multidimensional scaling coordinates were calculated in Mothur. Subsampling to 1200 sequences was applied and samples containing less sequences were excluded from the analysis. Non-metrical multidimensional scaling coordinates were plotted using KiNG through the make_3d_plots.py script in Qiime (Caporaso et al., 2010) . The significance of the divergence between samples explained by size fraction, sampling station, N 2 fixation rates or sample type (DNA or cDNA) was done using analysis of molecular variance. OTUs occurring in more than one cDNA sample from time points exhibiting high N 2 fixation rates (410 nmol N l À 1 per day) were identified for each station using the Venn function in Mothur. Log10 þ 1-transformed abundances of these OTUs were used to produce a heatmap using the CIMminer resource (http://discover.nci.nih.gov/cimminer/).
Sequences were uploaded to the Sequencing Read Archive database on NCBI (Accession number SRP038933).
Quantification of nifH genes and their expression
Five abundant OTUs (OTU0001, OTU0002, OTU0005, OTU0009 and OTU0014) were selected for quantification in DNA and RNA samples using qPCR and RT-qPCR. Primers and TaqMan probes were designed using Primer3 (http://bioinfo.ut.ee/ primer3-0.4.0/, Table 1 ). Specificities of the assays were verified using Primer-BLAST and by PCR tests against six available non-target DNA templates; the four non-target standards above, a Rhodopseudomonas nifH template , and a Clostridium-like Cluster III template . The qPCR standards were synthesized and cloned into the pUC57 vector at GenScript (Piscataway, NJ, USA) and linearized by HindIII digestion. Reaction mixtures, thermal cycling settings, standard preparations and inhibition tests were done as previously described , supplementing the reaction mixtures with 1 mM MgCl 2 and 0.2 vol/w % BSA. DNA and cDNA from the two size fractions were pooled according to the concentrations of DNA and RNA observed in the two size fractions after extraction. A total of 5 ng of DNA and cDNA corresponding to 4 ng RNA was added to the respective reactions. The obtained gene and transcript abundances were corrected for the PCR efficiency (Table 1) .
Results
Environmental parameters
In RF, salinity and water temperature ranged from 12-15 and from À 0.6 to 20 1C, respectively. In GB, salinities ranged from 11-24 with reduced values of 11 in February, 13-17 in June-August and 15 in October, suggesting extensive Baltic Sea water outflow in these periods. Water temperatures ranged from 0.4-17 1C in GB. In winter, the concentration of inorganic N was almost 10-fold higher in RF than in GB with combined NO 2 À and NO 3 À concentrations reaching values of 45.9 mmol N l À 1 and 5.55 mmol N l À 1 , respectively (Figures 2a and b) . NH 4 þ levels were 0.47-7.2 mmol N l À 1 in RF and 0.34-1.9 mmol N l À 1 in GB over the year (Figures 2a and b) . Spring blooms appeared during February and March with Chl a concentrations reaching 7.2 mg l À 1 in RF and 4.7 mg l À 1 in GB (Figures 2c and d) . Blooms lead to depletion of inorganic N, which increased again from September. PO 4 3 À concentrations displayed the same overall patterns as inorganic N (Figures 2a and b) . The molecular N:P ratios exceeded the Redfield ratio in winter in RF, but decreased to o1 after the spring bloom with dissolved inorganic N concentrations o1 mmol l À 1 in April, June and July. In GB, a N:P ratio of 25 was observed in June, but ratios were otherwise in the range of 2-10 and dissolved inorganic N concentrations were o1 mmol l À 1 most of the year, collectively suggesting that N availability limits primary production in summer at both sites. The level of DOC was higher in RF (478-626 mmol l À 1 ) than in GB (175-410 mmol l À 1 , Figure 2a and b) . In RF, bacterial production increased from February to April and from May to June where it peaked at 18 mg C l À 1 per day (Figure 2c ). In GB, peaks were observed in March (14 mg C l À 1 per day) and in August (16 mg C l À 1 per day; Figure 2d ). Bacterial abundances were highest in summer with RF exhibiting abundances about 10-fold higher than GB (Figures 2c and d) .
N 2 fixation
In RF, N 2 fixation increased from the beginning of March with a pronounced N 2 fixation peak in April at 47 nmol N l À 1 per day ( Figure 3a ) coincided with the demise of the spring bloom and a 100-fold drop in inorganic N. Following the peak, N 2 fixation stayed at 6.0-10 nmol N l À 1 per day in June-August before decreasing in fall to 1.1-2.0 nmol N l À 1 per day and being undetectable throughout the remainder of the year. N 2 fixation rates in bottles incubated in darkness exhibited the same pattern as those exposed to a diurnal light cycle, but rates were lower. At the onset of the N 2 fixation peak in late March, 76% of the fixed N was assimilated in the o10-mm size fraction. This changed to 46% in April and 61% in July and August. The annual areal input of fixed N at this shallow (4.8 m) station was 17 mmol N m À 2 per year. In GB, N 2 fixation in light was detectable from February to September with distinct peaks in March and July where N 2 fixation rates reached 63 and 83 nmol N l À 1 per day, respectively (Figure 3b ). In the parallel dark incubations, a peak was also observed in March, but like for RF, the rates were lower than in the diurnal light cycle incubations. No peak was observed in the parallel dark incubations from July. The proportion of N fixed in the smaller size fraction was higher during the N 2 fixation peak in March (33%) than in July (8%). The upper mixed Table S3 ). In RF, significant positive correlations were found between N 2 fixation and DOC (P ¼ 0.005, n ¼ 11), bacterial production (P ¼ 0.015, n ¼ 11) and bacterial abundance (P ¼ 0.021, n ¼ 11; Supplementary Table S3) . N 2 fixation was not correlated with temperature or Chl a at either of the sampling sites.
Composition of the diazotrophic communities and transcript abundances A total of 455 596 nifH sequences were obtained after initial quality check and assembly. Further evaluation of assembly quality and the occurrence of chimeric sequences reduced the number of sequences to a total of 287 494. Clustering the sequences at 97% similarity yielded 11 534 OTUs after elimination of singletons. The acquired sequences covered 87-99% of the nifH gene diversity in the samples. The 84 most abundant OTUs (X250 sequences each) accounted for 480% of all sequences and were exclusively affiliated with nifH clusters I and III (Figure 4) . The most abundant OTU, OTU0001, was related to the gammaproteobacterium Pseudomonas stutzeri (cluster I; 99% nucleotide sequence similarity and 99% amino-acid sequence similarity) and accounted for 22% of all sequences. It was not recovered from all time points, but was present in both size fractions at both stations in DNA and RNA samples. The relative abundance of OTU0001 was highest in RNA samples (Figure 4) . Eighteen OTUs were affiliated with the Geobacter/Pelobacter sub-group of Cluster I. These OTUs were recovered from both sampling sites, yet they all had highest relative abundances in DNA and were almost exclusively detected here. In total, 30 cluster III OTUs were detected at both stations. The majority of these exhibited a higher relative abundance in RF and most were exclusively recovered from this station. They showed higher relative abundance in DNA compared with RNA (Figure 4 ). Most of these were related to the UCYN-A (16% of all sequences; 99% nucleotide sequence similarity and 99% amino-acid sequence similarity) and recovered from both stations, yet, exhibiting a higher relative abundance in GB (23%) compared with RF (5%). Similarly, the genus Anabaena showed a higher relative abundance in GB (8%) than in RF (1%). The fact that a large fraction of the diazotrophic community did not express the nifH gene at the seven selected time points was mirrored in the alpha diversity (Inverse Simpson). In DNA from RF, values ranged from 5.6-68 compared with 1.0-3.9 for RNA (Supplementary Figure S1) . In GB, nifH diversity was higher in the RNA and lower in the DNA compared with RF. The molecular variance analysis showed a large discrepancy between the diazotrophic community present and the fraction of the community expressing nifH (Po0.001, n ¼ 52, Supplementary Figure  S2a ) and different community compositions at the two sites (P ¼ 0.004, n ¼ 52, Supplementary Figure   S2b ). To identify differences in the active diazotrophic communities, a core nifH-expressing microbiome (CExM) was defined for each station (i.e. OTUs recovered in more than one of the four samples per station exhibiting N 2 fixation 410 nmol N l À 1 per day; Supplementary Figure S3 ). In RF, the Pseudomonas-like OTU0001 dominated the CexM at most time points (Figure 5a ). Most OTUs from the CexM were related to Pseudomonas-like gammaproteobacteria, yet their relative expression level seemed reduced during summer. To gain a quantitative measure of the nifH transcription of OTU0001, it was quantified by RT-qPCR (Table 1) . Indeed, it was detectable in RNA at 7 of 10 dates from February to November (Figure 6 ) and transcripts were quantifiable in March (1.5 Â 10 3 l À 1 ) and April (2.1 Â 10 4 l À 1 ), coinciding with the N 2 fixation peak (Figure 6a ). Two OTUs similar to the UCYN-A group (OTU0002 and OTU0151) were also identified as belonging to the CexM and displayed roughly the same pattern as the Pseudomonas-like OTUs (Figure 5a ). RT-qPCR quantification of the most abundant of these (OTU0002) showed highest activity in spring as well, with transcript abundances of 1.1 Â 10 3 -1.6 Â 10 4 l À 1 (Figure 6a ). In July and August, the relative abundance of OTUs related to other proteobacteria increased in cDNA (Figure 5a ). RT-qPCR data showed that transcripts of the Klebsiella-like OTU, OTU0009, was undetectable at all but one sampling date in July where it accounted for 2.3 Â 10 3 transcripts per litre. In GB, a more complex CexM was present, representing 27 OTUs (Figure 5b, Supplementary  Figure S2b ). During the peak in N 2 fixation in July, the relative proportion of nifH transcripts of the OTUs belonging to the CexM increased. These OTUs were related to the cyanobacteria UCYN-A and Anabaena, but also to several non-cyanobacterial genera. Four of the five OTUs that were included in the RT-qPCR assay were detectable in July, including OTUs related to Pseudomonas, UCYN-A, Anabaena and Bradyrhizobium. UCYN-A and Anabaena-like OTUs were, however, the only two quantifiable OTUs with 1.6 Â 10 3 and 3.4 Â 10 4 transcripts per litre, respectively (Figure 6b) . Many of the same OTUs were detected during the N 2 fixation peak in early spring, but a distinct change in the relative abundances of OTUs in the CexM was not observed at this time point. The most active OTUs, up to and during the spring peak, seemed to be the ones related to Pseudomonas, UCYN-A, Bradyrhizobium, Vibrio and Desulfovibrio (Figure 5b ). In the RT-qPCR assay, OTUs related to Pseudomonas and UCYN-A were detected during spring but below the level of quantification (Figure 6b ).
nifH gene abundances
In RF, the OTU related to Pseudomonas (OTU0001) reached highest abundance at the onset of the N 2 fixation peak with 7.1 Â 10 5 gene copies per litre (Figure 6c ). It was not quantifiable in the summer, but increased in abundance again in autumn. During the N 2 fixation peak in April, four of the five targeted OTUs were detectable by qPCR, but only the UCYN-A-like OTU0002 was quantifiable with 1.1 Â 10 4 gene copies per litre (Figure 6c ).
The Klebsiella-like OTU (OTU0009) was detected in February and again from July-September exhibiting relatively low abundances (E10 3 gene copies per litre).
As in RF, the Pseudomonas-like OTU reached highest abundances in March in GB just before the Figure 4 Neighbor-joining tree of representative sequences from the 84 most abundant OTUs (each representing X250 sequences) resulting from the 97% nucleotide sequence similarity clustering. Each of the OTUs are designated a number chosen by Mothur. Bootstrap values X50% are represented by size-proportional gray circles in the tree. The heatmap indicates the relative abundance of sequences associated with a given OTU in each of the following types of samples: GB, RNA, o10 mm (A), GB, RNA, 410 mm (B), GB, DNA, o10 mm (C), GB, DNA, 410 mm (D), RF, RNA, o10 mm (E), RF, RNA, 410 mm (F), RF, DNA, o10 mm (G), RF, DNA, 410 mm (H). The affiliations of the OTUs with the canonical nifH clusters (Chien and Zinder, 1996) is indicated by roman numerals. Figure 5 The relative abundances of OTUs identified to be part of the core nifH-expressing microbiome over time in RF (a) and in the GB (b). The OTU-names are given to the left of the heatmap and the closest cultivated relative is indicated to the right of the heatmap. For reference, the volumetric N 2 fixation rates showed in Figure 3 are given above the heatmaps. These rates are split into size fractions where available.
N 2 fixation in temperate estuaries
M Bentzon-Tilia et al spring peak in N 2 fixation with 4.8 Â 10 5 gene copies per litre (Figure 6d ). During this peak, all but OTU0009 was detectable (this OTU was never detected at this station). The Bradyrhizobium-like OTU0014 was, however, the only quantifiable OTU during the peak where it reached gene abundances of 9.0 Â 10 3 gene copies per litre (Figure 6d ). During the summer peak in N 2 fixation, all OTUs, except for OTU0009, increased in abundance with OTU0001 reaching the highest abundance with 1.4 Â 10 5 gene copies per litre (Figure 6d ). The two cyanobacterial OTUs reached their highest abundance just after the N 2 fixation peak in July with 7.6 Â 10 5 and 8.1 Â 10 6 gene copies per litre for OTU0002 (UCYN-A) and OTU0005 (Anabaena), respectively. These abundances decreased gradually following the peak (Figure 6d ).
Discussion
N 2 fixation in meso-polyhaline estuarine waters is believed to be negligible due to the high land runoff discharges of N and the presumed absence or inactivity of diazotrophic bacteria (Marino et al., 2002; Howarth and Marino, 2006; Conley et al., 2009) . In contrast, we report substantial N 2 fixation in surface waters of two contrasting temperate estuaries. In fact, the measured rates are among the highest reported for pelagic systems, reaching 83 nmol N 2 l À 1 per day in GB. This is higher than, for example, measurements from oceanic Trichodesmium blooms (Capone et al., 1997) and from productive, temperate coastal waters, for example, the North American east coast (Mulholland et al., 2012) and the western English Channel (Rees et al., 2009) , but are similar to those measured in the Baltic Sea (Wasmund et al., 2005) . Moreover, our molecular analyses revealed that the relative importance of the organisms responsible for the N 2 fixation, heterotrophic, photoheterotrophic and heterocystous cyanobacteria, differed in space and time. This implies that heterocystous cyanobacteria are not always a pre-requisite for pelagic N 2 fixation in temperate estuaries as previously assumed (Howarth et al., 1988b) and that significant N 2 fixation takes place in these environments.
In both estuaries, the N 2 fixation was accompanied by diverse diazotrophic bacteria, mainly related to (photo)heterotrophic bacteria, including the supposedly tropical to subtropical group of unicellular cyanobacteria, UCYN-A (Mazard et al., 2004; Moisander et al., 2010) , which has recently been shown to be a metabolically reduced symbiont of a unicellular prymnesiophyte (Thompson et al., 2012) . Interestingly, nifH transcripts related to this group have been reported from Chesapeake Bay at water temperatures as low as 12 1C (Short and Zehr, 2007 ), yet, here we measured nifH transcript abundances of 410 4 l À 1 in RF in February at only 2.5 1C. Hence, our observations suggest that the geographic range of UCYN-A, conceivably of its eukaryotic host, and the associated N 2 fixation extends to temperate regions, even in winter time.
The different physical properties of the two systems were reflected in community composition, with RF exhibiting a more diverse collection of diazotrophs. The cluster III diazotrophs, putative anaerobes, were particularly prevalent in the shallow, more heterotrophic RF, whereas almost all the cyanobacterial OTUs showed highest relative abundance in GB. Hence, we speculate that the surface community of RF was influenced by re-suspended sediment bacteria, whereas the GB community was influenced by the changing currents (see below). Our data suggest that the genetic potential to fix N 2 was, in many cases, not mirrored in the diversity of the genes transcribed; especially in the shallow RF in late fall and winter where the water column is well-mixed. Likewise for the temperate Chesapeake Bay, clone libraries indicated that only few phylotypes expressed nifH, and it was suggested that the distribution of indigenous diazotrophs is not always due to the selective advantage of diazotrophy per se (Zehr and Paerl, 2008 ). Yet, by applying high temporal sampling resolution and sequencing depth, we show that a significant fraction of the diverse heterotrophic diazotrophs present in such estuarine systems indeed occasionally expresses nifH. Cyanobacterial diazotrophs may exhibit diel patterns in nifH gene expression (for example, Shi et al., 2010) . Sampling time can, therefore, have affected the relative proportions of transcripts from the respective functional types of diazotrophs in our data set. However, data on diurnal variation of nifH gene expression in heterotrophs is scarce (but see Church et al., 2005; Moisander et al., 2014) ; hence, at present, the consequences of the sampling time used here remains elusive. Future studies with increased diurnal sampling resolution would conceivably further advance our understanding of the explicit coupling between the key diazotrophs present and their nifH gene expression.
In RF, the CexM consisted exclusively of heterotrophic and photoheterotrophic diazotrophs. Their importance for N 2 fixation was substantiated by the fact that significant N 2 fixation was measured in dark incubations and in the o10-mm size fraction. N 2 fixation was stimulated by light, but as photoheterotrophic groups like UCYN-A and Rhodopseudomonas-like organisms did express nifH at this site, light would indeed be expected to stimulate N 2 fixation. Due to co-variation of environmental parameters over a season, correlation analyses should be interpreted with caution. Nevertheless, we see the positive correlations of N 2 fixation with DOC, bacterial abundance and bacterial production as further support for the conclusion that heterotrophic organisms were the principal N 2 -fixing organisms in RF. In GB, the March peak in N 2 fixation was accompanied by a CexM relatively similar to the one in RF, yet it was more diverse and qPCR of transcripts of the five predominant OTUs were below the level of quantification. OTUs related to UCYN-A and Pseudomonas were, however, detectable both by qPCR and RTqPCR at the time of the spring peak in N 2 fixation, and it is likely that these (photo)heterotrophic organisms played an important role at this time where currents moved polyhaline water (418) in from the north. In fact, the Pseudomonas-like OTU reached the highest gene abundances (10 5 -10 6 copies per litre) in spring at both stations. During the spring peaks, however, abundances of all quantified OTUs were generally low. Whether they were sufficient to account for the measured N 2 fixation rates is difficult to determine, as empirical data on the N 2 fixation potential of marine, heterotrophic diazotrophs and of the UCYN-A group are not currently available. However, adopting recently published assumptions about cell-specific N 2 fixation rates in different groups of marine diazotrophs (Turk-Kubo et al., 2014) , the five quantified OTUs could collectively account for N 2 fixation rates in the range of 5-10 nmol N 2 l À 1 per day during the N 2 fixation peak in RF. In contrast to the spring peaks, the summer N 2 fixation peak was mainly associated with the 410-mm size fraction and a very low rate of N 2 fixation in dark incubations, as would be expected for heterocystous cyanobacteria (Fay, 1976) . Indeed, the nifH gene expression of Anabaena peaked at this time and nifH gene abundances from this group of organisms increased during the N 2 fixation peak in summer, reaching the highest level observed in this study (8.1 Â 10 6 copies per litre) just after the peak. It should, however, be noted that cyanobacteria, like the Anabaena genus, host multiple chromosomes per cell (Simon, 1977) , and hence this high gene abundance does not translate directly into cell numbers. It is conceivable that the Anabaena-like OTUs in the Belt Sea area are advected from the Baltic Sea, since the summer N 2 fixation peak coincided with a period of reduced salinity (13-17) presumably driven by a northerly current of Baltic Sea water. The salinity in GB should, however, swiftly constrain the activity of Anabaena (Marino et al., 2002; Moisander et al., 2002) . Hence, the observation of nifH gene-expressing Anabaena in the Belt Sea area is surprising. Taken together, we conclude that heterotrophic and photoheterotrophic diazotrophs were responsible for N 2 fixation in both estuaries following the spring bloom, while the heterocystous Anabaena was responsible for the pronounced peak in N 2 fixation during summer in the GB.
Our study reports for the first time significant measured rates of pelagic N 2 fixation in Danish coastal waters, even in two contrasting systems. Assuming that the sampled station is representative for the whole RF estuary, the annual N 2 fixation input amounts to about 18 tons. In comparison, the combined RF/Isefjord system received 688 tons of N from land in 2011 (Pedersen et al., 2013) . If RF receives half of this N load, pelagic N 2 fixation corresponds to 5% of the N from land. It is worth noting though that part of the input from land will be bound as refractory-dissolved organic N (Jørgensen et al., 2013) , and that the biological impact of N from N 2 fixation may be relatively larger. It should be noted, though, that extrapolating N 2 fixation measured at a single station to the basin scale is speculative, since the spatial variability in the RF estuary is not known. It is even more complicated to calculate the contribution from N 2 fixation in GB due to the dynamic nature of this system. Nonetheless, the GB station is part of the 37 333 km 2 Belt Sea and Kattegat area, which receives 63 000 tons N per year from land (Jørgensen et al., 2013) , equal to 121 mmol N m À 2 per year. In comparison, the mean rate of N 2 fixation measured in this study was 61 mmol N m À 2 per year, corresponding to 34 000 tons N per year for the Belt Sea and Kattegat area. Hence, it seems that in GB, pelagic N 2 fixation could represent a substantial input. However, the rates are probably much lower in the northern and more saline Kattegat, and as the N fixation is mainly restricted to two days, any extrapolation is very uncertain. Nevertheless, it is roughly consistent with the annual input from N 2 fixation of 11 000 tons N suggested from a recent modeling study (Jørgensen et al., 2013) .
The present study highlights the need for more N 2 fixation measurements to get confident measures of the contribution of pelagic N 2 fixation to the systemic N budgets in the estuaries examined here. Taken together with the recent reports of significant N 2 fixation in estuarine sediments (Fulweiler et al., 2013; Brown and Jenkins, 2014) , the basin-scale implications of estuarine N 2 fixation are likely considerable, suggesting that a reevaluation of the significance of N 2 fixation in temperate estuaries and coastal waters is warranted. Moreover, the N 2 fixation by heterotrophic, photoheterotrophic and heterocystous bacteria suggested from the present study highlights the importance of integrating all these three fundamentally different groups in future surveys of estuarine diazotrophy.
